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Hexameric ATPaseF1-ATPase is a rotary motor protein in which 3 catalytic β-subunits in a stator α3β3 ring undergo unidirec-
tional and cooperative conformational changes to rotate the rotor γ-subunit upon adenosine triphosphate
hydrolysis. The prevailing view of the mechanism behind this rotary catalysis elevated the γ-subunit as a
“dictator” completely controlling the chemical and conformational states of the 3 catalytic β-subunits.
However, our recent observations using high-speed atomic force microscopy clearly revealed that the 3
β-subunits undergo cyclic conformational changes even in the absence of the rotor γ-subunit, thus dethron-
ing it from its dictatorial position. Here, we introduce our results in detail and discuss the possible operating
principle behind the F1-ATPase, along with structurally related hexameric ATPases, also mentioning the
possibility of generating hybrid nanomotors. This article is part of a Special Issue entitled: 17th European
Bioenergetics Conference (EBEC 2012).
© 2012 Elsevier B.V. All rights reserved.1. Introduction
F1-ATPase, a water-soluble portion of ATP synthase, is a rotary
motor protein. The α3β3γ subcomplex (referred to as F1 in this re-
view) sufﬁces on its own to fulﬁll the motor function in which the
γ-subunit rotates in the stator α3β3 ring, powered by ATP hydrolysis
[1–7]. The concept of the “rotary catalysis” of F1 was ﬁrst proposed by
Boyer as a result of elaborated biochemical studies on the “binding
change mechanism” for ATP synthase [8]. This concept gained wide
support after Walker's ﬁrst crystal structure of F1, derived from bo-
vine mitochondria [9]. Walker showed that the α- and β-subunits
are arranged alternately, forming a ring, with the central γ-subunit
deeply penetrating the ring's hole. Once the rotation of F1 seemed
plausible, many researchers attempted to verify it. The results of a
chemical cross-linking exchange experiment by Cross [10], along
with ﬂuorescence polarization measurements by Junge [11], demon-
strated the motion of the γ-subunit relative to the 3 β-subunits, a
ﬁnding consistent with rotary catalysis. However, these results failed
to give direct evidence of unidirectional rotation.
Direct veriﬁcation of the unidirectional, successive rotary catalysis
of F1 was ﬁrst achieved via single-molecule imaging of the rotating
γ-subunit in F1 by the Yoshida and Kinosita group [12]. To visualize
this rotation, the group suppressed the rapid lateral and rotational
Brownian motions of F1 (10 nm in diameter) in aqueous solution by
ﬁxing the stator ring on a Ni-nitrilotriacetic acid-modiﬁed glasstomic force microscopy
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of the β-subunit. Then, the small turning radius (~1 nm) of the central
γ-subunit wasmagniﬁed by attaching a large probe, a ﬂuorescently la-
beled actin ﬁlament several microns long. Using these strategies, the
rotation of F1 from thermophilic Bacillus PS3 was ﬁrst visualized
under an optical microscope.
In more recent experiments, a latex or magnetic bead has often
been used as a rotational probe instead of the actin ﬁlament. The
magnetic bead is particularly useful, making it possible to manipulate
the rotary angle of the γ-subunit of F1. Using this technique, ATP has
been successfully synthesized from ADP and inorganic phosphate that
is bound to F1, using forced reverse-rotation of the γ-subunit [13,14].
Furthermore, the scheme of chemomechanical coupling has been
thoroughly investigated using single-molecule imaging and manipu-
lation experiments [15–17].
Since the ﬁrst single-molecule observation of the rotation, not
only the chemomechanical coupling scheme, but also the operation
principle supporting the unidirectional rotation of F1 has been
intensively studied and discussed for many years. To achieve this
unidirectional, successive rotation, the 3 catalytic β-subunits must
undergo cooperative and sequential conformational changes, coupled
with catalysis. Furthermore, the phase of the reaction in each
β-subunit has to be precisely shifted 120° relative to the other two cy-
clically. In this review, we will discuss how this cooperativity and the
unidirectionality of F1 are realized.2. Previous model of rotary catalysis of F1: the “γ-dictatorship”
In one especially signiﬁcant ﬁnding, the single-molecule manipu-
lation experiments revealed that by controlling the rotary angle of
1733R. Iino, H. Noji / Biochimica et Biophysica Acta 1817 (2012) 1732–1739the central γ-subunit alone, the rate and equilibrium of the ATP hy-
drolysis/synthesis reaction on F1 can be modulated and even reversed
[13,14,18,19]. This result permitted the elevation of γ-subunit to the
position of a “dictator” controlling the reaction catalyzed by F1 [20].
This remained the prevailing view until very recently.
Before revealing newer models for this reaction mechanism, it is
necessary to ﬁrst describe the structure of F1. In F1, the catalytic
(and non-catalytic) nucleotide binding sites are located at the α–β
interface of the α3β3 stator ring, and most amino acid residues
important for catalysis are derived from the β-subunits. In the crystal
structure, the 3 catalytic sites are found in different nucleotide-bound
states (Fig. 1) [9]: 1 binds an ATP analog (αTP–βTP interface in Fig. 1,
top-left), another binds ADP (αDP–βDP interface), and the third is
unbound (αE–βE interface). Both βTP and βDP assume the closed con-
formation, swinging the C-terminal domain toward the γ-subunit
(Fig. 1, bottom-left), whereas βE assumes the open conformation,
swinging the C-terminal domain away from the γ-subunit (Fig. 1,
top-right and bottom-right).
Two general conformational states of the β-subunits described
above appear to push or be pushed by the γ-subunit. Therefore,
Wang and Oster proposed that interactions with γ-subunit control
the conformational and catalytic states of individual β-subunit in
order to sequentially generate torque [21]. In fact, some biochemical
studies are thought to show that the α3β3 ring does not possess in-
trinsic cooperativity on its own, because the α3β3 ring did not have
high afﬁnity catalytic sites and uni-site catalysis by the α3β3 ringγ
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Fig. 1. Crystal structures of the α3β3γ subcomplex of F1 (PDB ID: 1E79) [56]. The α-, β-,
and γ-subunits are shown in cyan, pink, and yellow, respectively. The bound nucleotides
and magnesium ion are shown in red. (Top-left) A top view from Fo (membrane) side.
(Top-right and bottom) Three side views, which show the 2 β-subunits with different nu-
cleotide states, along with the γ-subunit. Two closed β-subunits (βTP and βDP) appear to
push the γ-subunit, and 1 open β-subunit (βE) appears to be pushed by the γ-subunit.was not accelerated by the chase addition of excess ATP [22–24].
These results supported the contention that γ-subunit mediates the
interplay among β-subunits. Although there are also a few biochem-
ical studies supporting intrinsic cooperativity [25,26], they are not
widely accepted. As mentioned above, the view of the γ-subunit as
a “dictator” was reinforced by studies showing that backward
mechanical rotation of γ-subunit using external force reverses the
chemical reaction toward ATP synthesis [13,14], whereas forced
forward rotation accelerates ATP binding [18]. Several years ago,
this contention was challenged by the ﬁnding that even when most
interaction sites between β- and γ-subunits are abolished, F1 retains
its active catalytic power and ability to rotate γ-subunit
unidirectionally [20,27–31]. However, the “γ-dictator” model
remained dominant, such that the author of one report wrote that
“a remote possibility is that the α3β3 cylinder alone may undergo
ATP-dependent, circular conformational changes without supervision
by γ” [20].
3. Current study: observationof theα3β3 stator ringwith high-speed
atomic force microscopy
The importance of the γ-subunit for the rotary catalysis of F1 can be
directly examined by observing the conformational changes undergone
by the 3 β-subunits in the stator α3β3 ring. However, the conventional,
single-molecule method of observing F1 rotation under an optical
microscope requires the attachment of a probe to the γ-subunit [5]. In
one experiment, the orientation imaging of a single ﬂuorophore ﬁrmly
attached to a single β-subunit in a single F1 has successfully revealed
the conformational change of the β-subunit coupled with rotation of
theγ-subunit [32]. However, it is rather difﬁcult to probe the conforma-
tions of all 3 β-subunits in a single α3β3 ring simultaneously using this
method.
Therefore, as an alternative approach, we have applied high-speed
atomic force microscopy (HS-AFM) to verify this issue by directly
imaging the ATP-driven conformational changes of the β-subunits
in the α3β3 ring [33]. HS-AFM is an emerging technique with the
power to visualize protein molecules as they operate in real time,
without the use of probes [34–37]. We used a home-built HS-AFM ap-
paratus developed by Ando and Uchihashi. This apparatus has been
used to successfully visualize the conformational change of bacterio-
rhodopsin [38], a light-driven proton pump, as well as the motions
of myosin V [39] and cellulase [40], linear motor proteins that move
on the actin ﬁlament or on crystalline cellulose, respectively.
To immobilize the α3β3 ring of F1 on a mica for HS-AFM observa-
tion, the mica surface was ﬁrst treated with aminosilane (0.05–0.1%)
for 3 min and washed, and then treated with glutaraldehyde
(0.1–0.25%) for 3 min. After the glutaraldehyde treatment, the mica
surface was thoroughly washed to remove free glutaraldehyde in
buffer solution on mica surface. Then, the α3β3 was added to the
buffer solution and cross-linked with the mica surface through the
ε-amines of the poly-lysine residues introduced into the N-terminus
of the β-subunit [41]. In the crystal structure of F1, N-terminus do-
main of the β-subunit is static and does not show the conformational
change, and the immobilization through this domain will not affect
the function and dynamics of the α3β3. Observation with HS-AFM
was carried out using a scan area of ~45 nm×~22 nm (~120
pixel×~60 pixel) and with a frame-capture time of 80–100 ms
(Fig. 2). To compensate for the slow drift of the sample-stage position
in the x- and y-directions, the target molecule was tracked using
two-dimensional correlation analysis. Without covalent cross-
linking between α3β3 ring and mica, all molecules showed rapid,
lateral diffusion on the mica surface and could not be imaged
clearly. A 3×3 pixel-average ﬁlter was applied to each image to re-
duce noise.
Following cross-linking with glutaraldehyde, almost all α3β3 rings
appeared to be covalently attached on the mica at either the C- or
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Fig. 2. HS-AFM images of the α3β3 stator ring under various nucleotide conditions. (A) Averaged image (C-terminal side) without nucleotide (left), and top (center, C-terminal side)
and side (right) views of crystal structure of the nucleotide-free α3β3 (PDB ID: 1SKY) [42]. The α- and β-subunits are colored in cyan and pink, respectively. The C-terminal
DELSEED motif of β-subunit corresponding to the high-protruding portions is highlighted in blue. (B) Averaged image (C-terminal side) in 1 mM AMP-PNP (left), and top (center,
C-terminal side) and side (right) views of atomic structure of the α3β3 with bound nucleotides. This structure is made by removing γ-subunit from the crystal structure of α3β3γ
(PDB ID: 1BMF) [9]. The arrow indicates a high-protruding DELSEED motif of the open β-subunit. (C) Successive images (left-to-right and top-to-bottom) showing conformational
change of β-subunits in 2 μM ATP. The highest pixel in each image is indicated by the blue dot. Frame-capture time is 80 ms. (D) Time evolution of the cumulated angle of highest
pixel. The inset shows the trajectory of the highest pixels, corresponding to the high protrusions of open β-subunit superimposed on an image. The center of rotation is deﬁned by
the averaged x- and y-positions of the highest pixels, and the cumulated angles are calculated relative to the ﬁrst frame. The brightness of images represents the sample height, but
is not linearly set, to highlight the top-surface structure. For the images obtained under nucleotide-free (A) and AMP-PNP (B) conditions, in which conformational change does not
occur, frame averaging was applied before pixel averaging.
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ented with the C-terminal side facing upward, whereas the rest
were oriented with the N-terminal side facing upward. Without
nucleotide in the solution, the α3β3 was demonstrated to contain a
pseudo-six-fold symmetric ring in which 3 alternately arranged
β-subunits were elevated relative to the other 3 α-subunits (Fig. 2A,
left). This showed excellent similarity to the simulated AFM image
(not shown) constructed from the crystal structure of the nucleotide-
free α3β3 subcomplex (Fig. 2A, center and right) [42]. The 3 β-
subunits, which assumed an open conformation in the crystal structure
ofα3β3, produced 3 protruding peaks, displayed as bright spots.When a
non-hydrolyzable ATP analog, AMP-PNP, was added, the ring became
triangular and the central hole was obscured (Fig. 2B, left). Two of the3 β-subunits retracted toward the center and simultaneously lowered
their protrusions. Consequently, the ring showed a single high protru-
sion, again demonstrating excellent agreement with a simulated
image of α3β3 (not shown) containing bound nucleotides. The simulat-
ed image was constructed based on a schema in which γ-subunit was
removed from the crystal structure of F1 (Fig. 2B, center and right) [9].
This image indicated that only 2 β-subunits can assume the closed con-
formation even with a high concentration of AMP-PNP. This feature is
consistent with the crystal structure which shows that the 3
β-subunits do not assume closed conformations simultaneously, even
if all catalytic sites are occupied by nucleotides [43].
In contrast to the conformations of the 3 β-subunits, which
remained static under the nucleotide-free or AMP-PNP condition,
1735R. Iino, H. Noji / Biochimica et Biophysica Acta 1817 (2012) 1732–1739ATP induced distinct conformational changes in the β-subunits. Each
β-subunit underwent a conformational transition from the outwardly
extended high state (open) to the retracted low state (closed)
(Fig. 2C). The most prominent features were that only a single
β-subunit assumed the open state, as in the presence of AMP-PNP,
and that when the open-to-closed transition occurred at 1 β-subunit,
the opposite, closed-to-open transition usually occurred simultaneous-
ly with its counterclockwise neighbor β-subunit. Thus, the high and
outwardly extended conformation propagates in the counterclockwise
direction (Fig. 2D).
Conformations of each β-subunit and cooperativity among the 3
β-subunits in the stator ring were then analyzed more quantitatively.
To determine the time evolution of the conformational state of each
β-subunit, we calculated a two-dimensional correlation coefﬁcient
for its image in the following way. As shown in Fig. 3A (left), we
arbitrarily chose a reference frame for each β-subunit and a region
of interest (ROI) so that the ROI in the reference frame fully contained
an open-state β-subunit. Then, the two-dimensional correlation
coefﬁcient, deﬁned by the following equation, was calculated frame-
by-frame for each ROI.
r ¼ ∑m∑n Hmn−
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As results, the correlation coefﬁcients were distributed around 2
distinct peaks (Fig. 3A, right). The peaks with larger and smaller
coefﬁcients correspond to the open (O) and closed (C) states of
each β-subunit, respectively. Typical time courses of the 2 conforma-
tional states for individual β-subunits are shown in Fig. 3B. In all
images observed in the presence of 2–4 μM ATP (8746 images in
total), 3 β-subunits in a given frame dominantly showed the “CCO”
state (82% of the total). The alternative COO state was also observed
(14.5%). Other states, such as CCC (3%) and OOO (0.5%), were rare.
Then, we counted the number of counterclockwise shifts in the CCO
state and analyzed the rotary propagation of the O and C states
(Fig. 3C). This propagation was unidirectional, rotating counterclock-
wise with an efﬁciency of 83% (in 2 μM ATP) over all the shift events
examined (n=371). Moreover, this value of efﬁciency is likely
underestimated by ~6% as the 2 consecutive counterclockwise shifts
occurring occasionally within the frame-capture time (80 ms) would
be counted as a clockwise shift (Fig. 4D).
The dwell time in the O and C states of each β-subunit decreased
with increasing ATP concentration from 2 μM to 4 μM (Fig. 4A–C),
indicating that ATP binding is rate-limiting in this range of ATP con-
centrations, consistent with the Michaelis constant of 12 μM for ATP
hydrolysis as determined biochemically. Histograms of the dwell1.000.980.964
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Those of the C state ﬁt well with a model in which 2 consecutive
events of ATP binding to the other 2 β-subunits trigger the transition
of the β-subunit from the C to the O state. The rate of conformational
change (the reciprocal of the time constant) obtained was compara-
ble with the initial rates of ATP hydrolysis as measured biochemically
(Fig. 4D). Thus, each ATP hydrolysis coupled well with the conforma-
tional transition of β-subunit.
4. New model: the “democratic governance” by all subunits
The HS-AFM observations described above corroborate the view
that only the statorα3β3 ring has the intrinsic cooperativity necessary
for realizing rotary catalysis among the 3 β-subunits. Considering that
extensive steric interactions between β-subunits appear infeasible, it
is highly likely that the interplay among β-subunits takes place via
the intervening α-subunits. During observation, a single subunit
occasionally dissociated from the α3β3 ring (Fig. 5A and B),
presumably because of imperfect covalent binding to the mica surface
and the transient-but-strong tip-sample interaction. When not only a
single β-subunit but also a single α-subunit was lost from the α3β3
ring, the rotary propagation completely stopped, although some cooper-
ative conformational transitions occurred between the remaining
β-subunits. This shows that the interplay within each subunit in a stator
ring is actually responsible for the rotational propagation of the confor-
mational changes of the 3 β-subunits.
One of the amino acid residues important for the rotary catalysis
of the α3β3 ring would be the “arginine ﬁnger” [44,45]. This residue
was originally identiﬁed in the GTP-binding-protein system and is2 µM ATP
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transition state. In F1, although most amino-acid residues responsible
for ATP binding and hydrolysis are hosted by the β-subunits, the argi-
nine ﬁnger is located on the α-subunit at the catalytic α–β interface
[44,45]. Proximity of the arginine ﬁnger to phosphate groups of
bound ATP as a result of complete closure of the α–β interface is
thought to be important in controlling timing of the bond cleavage.
In addition to the conformational differences among the 3
β-subunits, the crystal structure of F1 (Fig. 1) shows asymmetry in
the α–β interfaces: the open αE–βE interface, half-closed αTP–βTP
interface, and closed αDP–βDP interface [9]. A molecular dynamics
simulation study on F1 also suggests asymmetric interactions be-
tween α- and β-subunits; βDP interacts tightly with the neighboring
αDP and αE, leading to well-correlated motions between βDP and the
2 α-subunits [46]. Thus, a possible mechanism for the rotary cataly-
sis occurring among the 3 catalytic sites of α3β3 ring might be the
following (Fig. 5C): ATP binding to the βE subunit induces the
O-to-C transition of this β-subunit (Fig. 5C, left, arrow 1). This re-
sults in half-closing of the newly formed αTP–βTP interface (Fig. 5C,
center, arrow 2) and also triggers further closing of the pre-
existing αTP–βTP interface (arrow 3) and C-to-O transition of βDP
(arrow 4). These transitions result in hydrolysis of the pre-bound
ATP into ADP (Fig. 5C, right) and opening of the pre-existing αDP–βDP
interface to induce product release (right). To assess this model, not
only the timing of conformational change of each β-subunit, but also
the open and close of the catalytic (and non-catalytic) α–β interface
must be investigated.
Our results do not support the “γ-dictator” model [20] described
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[ATP], 2 μM; frame-capture time was 80 ms. (C) A possible model for the rotary catalysis of the α3β3 ring. The α- and β-subunits are shown in cyan and pink, respectively. ATP
and ADP are shown by the green and yellow circles, respectively. The detailed explanation of the model is given in the main text.
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and equilibriums of the catalytic reactions of F1 are controlled by
the rotary angle of the rotor γ-subunit [16,19]. Under the operating
principle implied by our results, the intrinsic interplay among sub-
units in the stator ring would reinforce catalytic control by
γ-subunit. For example, even if γ-subunit tightly interacted with
only 1 β-subunit, it could still act on all β-subunits via interplay
among subunits in the stator ring.On the other hand, the rate constant of ATP binding for α3β3
estimated from the dependence of dwell time on ATP concentration
was ~1×106 M−1 s−1 (Fig. 4D), more than 10 times lower than that
for F1 [47]. Furthermore, without γ-subunit, propagation of the confor-
mational states of the β-subunits in the opposite direction was
occasionally observed (Fig. 3C). Thus, the operating principle of the F1
is likely to be “democratic,”with all subunits participating and collabo-
rating to realize highly cooperative, fast, and precise rotary catalysis.
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schemes between F1 and α3β3
In the active rotation of the γ-subunit in F1, 2 different transient
pauses have been identiﬁed at different rotary angles of the γ-subunit,
termed the ATP-waiting (binding) pause and the catalytic pause,
respectively [47]. The distinct conformational states of the 3 β-
subunits in these pauses have been reported previously [32]. A question
raised in the present study is the actual conformational state of theα3β3
when it is awaiting ATP binding. In our results, the HS-AFM images of
α3β3 closely resembled the crystal structure corresponding to the cata-
lytic pause state, CCO [48]. However, these images were obtained in an
ATP concentration much lower than the biochemically determined
Michaelis constant, under the condition which made ATP binding the
rate-limiting step and ATP-waiting state will be the dominant state. If
the reaction schemeofα3β3 is essentially the same as that for F1, the ob-
served ATP-waiting state of α3β3 should correspond to CC′O, where C′
represents an intermediate, half-closed state [32]. Itmay not be possible
to distinguish the C′ state from the C state using the present spatial res-
olution of HS-AFM.
Alternatively, it is possible that the reaction scheme ofα3β3 is differ-
ent from that of F1. In α3β3, just before transitioning to the next CCO
state, the alternative COO state occasionally appeared (in ~30% of total
transitions) (crisscrosses in Fig. 3C). In most of these events, 1 of the 2
closed β-subunits positioned at the counterclockwise side opened.
This result implies that the COO state is one of the active intermediates,
although it has not been observed in F1 [32]. One event potentially
capable of inducing this state is ADP release from the closed β-subunit
before ATP binds to the open β-subunit [16,49]. Detailed analysis of
the chemomechanical coupling scheme of α3β3 will be required to
investigate this possibility.
6. Coordination of subunits in structurally related hexameric
ATPases
F1 belongs to the RecA- and AAA+-family of hexameric ATPases
[50,51]. Our results have implications for the cooperativity and
coordination among subunits in the rings of the other hexameric
ATPases. In most cases, these ring-shaped ATPases do not have
rotor-like subunits, but instead translocate DNA, RNA, and peptide
chains through the holes of their rings using energy from ATP hydro-
lysis. The rotary catalysis of the rotorless α3β3 ring of F1 implies that
other hexameric ATPases would also perform their functions in a
highly cooperative way. Distinct models of cooperative catalysis
have been proposed for several different hexameric ATPases,
including symmetric rotary, asymmetric rotary, concerted, and stochas-
tic catalysis [52]. To distinguish these models, HS-AFM will be a potent
tool. Comparative studies on these proteins should shed light on their
common operating principles.
7. Generation of hybrid nanomotors
Our results clearly indicate that the 3 β-subunits in the statorα3β3
ring undergo sequential and cooperative conformational changes.
This means that the 3 β-subunits can generate torque to unidirection-
ally rotate an object held inside the ring. Therefore, proteins similar in
shape and size to the γ-subunit can be substituted as rotors. One can-
didate for this substitution is FliJ, a component of the type III protein
secretion system with remarkable structural resemblance to the
γ-subunit [53]. It is highly likely that the α3β3 ring can rotate FliJ in
the presence of ATP.
Furthermore, other objects without structural resemblance, but
with comparable size to the γ-subunit – such as proteins, DNA,
RNA, carbon nanotubes, and gold nanorods – might be able to act as
rotors. The fact that none of the speciﬁc interactions between the
rotor and stator are prerequisite for rotary catalysis supports thisunconventional but possible proposal. This kind of engineering could
generate novel, hybrid nanomotors. Furthermore, in the synthetic
chemistry ﬁeld, light-driven artiﬁcial rotary nanomotors have been
reported [54]. In the future, wewould like to realize functional conjuga-
tion of F1 with these artiﬁcialmotors, creating an artiﬁcial photosynthe-
sis system capable of directly generatingATP via the light-driven, forced
reverse rotation of F1 [55].
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